This work investigated the effects of cellular encapsulation density and differentiation stage on the osteogenic capacity of injectable, dual physically and chemically gelling hydrogels comprised of thermogelling macromers and polyamidoamine crosslinkers. Undifferentiated and osteogenically predifferentiated mesenchymal stem cells (MSCs) were encapsulated within 20 wt% composite hydrogels with gelatin microparticles at densities of 6 or 15 million cells/mL. We hypothesized that a high encapsulation density and predifferentiation would promote increased cellular interaction and accelerate osteogenesis, leading to enhanced osteogenic potential in vitro.
Introduction
Tissue engineering strategies may involve the combination of biomaterial scaffolds, cells, and growth factors to repair and replace injured or lost tissue. These strategies are particularly relevant in the aesthetic and functional reconstruction of bone, where the gold standard currently is the use of autologous bone taken from the patient. Autografts, while effective, are scarce, and difficult to contour to irregular-shaped defects, and require invasive surgeries to acquire and implant. Thus, synthetic bone graft substitutes -especially those involving injectable materials that allow for injectable administration, in situ formation and contouring, and localized delivery of cells -are attractive candidates for craniofacial tissue engineering strategies. [1, 2] Previous work developed and characterized injectable, in situ forming hydrogels comprising copolymers of N-isopropylacrylamide (NiPAAm), dimethyl-γ-butyrolactone acrylate (DBA), glycidyl methacrylate (GMA), and acrylic acid (AA) that can both thermally gel and chemically crosslink with biodegradable, diamine-functionalized polyamidoamine (PAMAM) crosslinkers. These hydrogels have shown promise for bone tissue engineering applications, as they possess tunable physicochemical properties and hydrophobicitydependent mineralization. Encapsulation of mesenchymal stem cells (MSCs), which undergo established differentiation down the osteogenic lineage [3] , in conjunction with gelatin microparticles, which act as sites for cellular attachment and mineral nucleation [4, 5] , demonstrate the hydrogel's ability to support cell viability and differentiation in vitro and bone formation in vivo. [6, 7] However, despite the performances of these hydrogels for bone regeneration, the resulting bone is not yet robust. Numerous investigations have shown that successful cellular delivery leading to tissue growth not only depends on morphological, adhesive, or mechanical cues from the biomaterial environment, but also biochemical signals from other cells. [8, 9] Cell seeding density has been shown to affect the viability and differentiation of encapsulated stem cells by promoting increased cellular crosstalk. [10] The differentiation stage of MSCs is also an important factor, as shown by increased success of predifferentiated MSCs for hyaline cartilage regeneration in large animal osteochondral defects [11, 12] and bone healing in nonunions. [13] The inclusion of predifferentiated MSCs within hydrogels and altering the seeding density may thus affect the formation of a mineralized matrix and provide the necessary osteoconductive and osteoinductive signals to stimulate cellular activity and bone regeneration.
The objective of this study was to evaluate the effects of cellular parameters such as encapsulation density and predifferentiation on the osteogenic potential of the cell-laden hydrogel composites in vitro. We hypothesized that a high cell seeding density and cellular predifferentiation would promote cellular crosstalk to enhance encapsulated MSC viability and hydrogel mineralization, leading to enhanced osteogenic potential of the hydrogel system for bone tissue engineering applications.
Materials and Methods

Materials
NiPAAm, dimethyl-γ-butyrolactone acrylate (DBA), glycidyl methacrylate (GMA), acrylic acid (AA), 2,2'-azobis(2-methylpropionitrile) (azobisisobutyronitrile, AIBN), N,N'-methylenebisacrylamide (MBA), piperazine (PiP), glycine, and glutaraldehyde were purchased from Sigma Aldrich (Sigma, St. Louis, MO) and used as received. Anhydrous 1,4-dioxane, diethyl ether, and acetone in analytical grade; and water, acetonitrile, chloroform, and methanol in HPLC-grade were purchased from VWR (Radnor, PA) and used as received. Phosphate buffered saline (PBS) (powder, pH 7.4) was obtained from Gibco Life, Grand Island, NY. Ultrapure water was obtained from a Millipore Super-Q water system (Millipore, Billerica, MA). Acidic gelatin (isoelectric point = 5.0) was obtained from Nitta Gelatin (Osaka, Japan). Complete osteogenic medium (COM) was made from minimal essential medium α modification (αMEM) (Gibco Life, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) (Cambrex BioScience, Walkersville, MD), 10 −8 M dexamethasone, 10 mM β-glycerol 2-phosphate, 50 mg/L ascorbic acid, and 10 mL/L antibiotic-antimycotic solution (Gibco, Life, Grand Island, NY). Live/Dead viability/ cytotoxicity kit was purchased from Molecular Probes (Eugene, OR). The calcium assay was purchased from Genzyme Diagnostics (Cambridge, MA).
Thermogelling Macromer (TGM) Synthesis and Characterization
The P(NiPAAm-co-GMA-co-DBA-co-AA) TGM, as shown in Figure 1b , was synthesized according to published protocols. [6] Briefly, 10 g of NiPAAm, GMA, DBA and AA were dissolved in 100 mL of anhydrous 1,4-dioxane under nitrogen at 65°C. AIBN pre-dissolved in the solvent was added at 0.7% of total mol content to thermally initiate free radical polymerization, and the reaction mixture was stirred for 16 h. After solvent removal by rotary evaporation, the material was re-dissolved in pure acetone and purified twice via dropwise precipitation in at least 10× excess diethyl ether. The recovered polymer was airdried overnight and transferred to a vacuum oven for several days prior to elemental analysis. The chemical composition of the TGMs was determined by proton nuclear magnetic resonance spectroscopy ( 1 H NMR, Bruker, Switzerland) in D 2 O at a concentration of 20 mg/mL that contained 0.75 wt% 3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid, sodium salt as an internal shift reference (Sigma-Aldrich, St. Louis, MO). Acid titration was performed in conjunction with 1 H NMR to determine the AA content of the TGMs before hydrolysis. Aqueous gel permeation chromatography using a Waters Alliance HPLC system (Milford, MA) and differential refractometer (Waters, model 410) equipped with a series of analytical columns (Waters Styragel guard column 20 mm, 4.6 × 30 mm; Waters Ultrahydrogel column 1000, 7.8 × 300 mm) was used to determine the molecular weight distributions of the synthesized TGMs. The weight average molecular weight (M w ), number average molecular weight (M n ), and polydispersity index (PDI = M w /M n ) of the hydrolyzed polymers were determined by comparison to commercially available narrowly dispersed molecular weight poly(ethylene glycol) standards (Waters, Mississauga, ON). For this study, P(NiPAAm 85.6 -co-GMA 6.0 -co-DBA 5.5 -co-AA 2.9 ) with a M n = 36.4 kDa and PDI of 3.8 was used to form 20 wt% (w/v) hydrogels.
PAMAM Synthesis and Characterization
The PAMAM crosslinker, as shown in Figure 1b , was synthesized by the polyaddition of PiP and MBA at a stoichiometric molar ratio of [MBA]/[PiP] = 0.75 following previously reported protocols. [14, 15] Molecular weight distributions of the synthesized PAMAM crosslinkers were analyzed using time-of-flight mass spectroscopy with positive-mode electrospray ionization on a Bruker microTOF ESI spectrometer (Bruker Daltonics, Billerica, MA) equipped with a 1200 series HPLC (Agilent Technologies, Santa Clara, CA) to deliver the mobile phase (50:50 HPLC-grade water and methanol). After data acquisition, all peaks (including degradation and secondary reaction products) were identified using microTOF control software (Bruker). The peaks were corrected for charge state (generally with H + or Na + and rarely K + ions), and quantified for calculation of M n , M w , and PDI. PAMAM with M n = 1440 and PDI = 1.38 was used for the MSC encapsulation studies.
GMP Synthesis
GMPs with 50-100 µm diameter were synthesized through a water-in-oil emulsion followed by crosslinking in 10 mM glutaraldehyde solution and quenching with glycine as previously described. [16] Following fabrication, the GMPs were vacuum filtered, flash frozen in liquid nitrogen, lyophilized, and sieved. GMPs were incorporated into hydrogels at 20 mg dry GMP mass/100 mg dry hydrogel mass to achieve 20 wt% (w/w) loading as previously established. [17] 
MSC Harvest and Culture
MSCs were harvested from rat femora and tibiae of 6-8 week old Fisher 344 rats (Charles River Laboratories, Wilmington, MA) in accordance to approved protocols by the Rice Institutional Animal Care and Use Committee as previously described. [18] The MSCs were plated in 75 cm 2 tissue culture flasks at 37°C under humidified, 5% CO 2 atmosphere and cultured in COM without dexamethasone, which was replaced every 2-3 days. [19] The scheme for differentiation is shown in Figure 1a . To induce osteogenic pre-differentiation, MSCs were cultured as above for 3 days and then cultured in COM with dexamethasone for the same duration as previously described. [13, 20] Undifferentiated MSCs were cultured in COM without dexamethasone for 6 days prior to encapsulation.
MSC Encapsulation and In Vitro Culture
TGM and PAMAM polymers were UV sterilized for 3 h and GMPs were ethylene oxide sterilized for 12 h. 20 wt% (w/v) composite hydrogels (a TGM composition that we previously established for osteogenesis in vitro and in vivo) [6, 7] with 20 wt% (w/w) GMP loading were fabricated by combining the TGM and PAMAM crosslinker that were prepared at twice the desired concentrations in sterile PBS pH 7.4 at 4°C until dissolved. GMPs were partially swollen in PBS pH 7.4 for 15 h at 4°C prior to hydrogel encapsulation as performed previously [16] and transferred to the polymer mixture. After 6 days of culture, the MSCs were passaged and added to the polymer solutions at a final concentration of 6 or 15 million cells/mL hydrogel. The seeding density was chosen based on the sustained viability and successful osteogenic differentiation of rat MSCs in injectable oligo(poly(ethylene glycol) fumarate) hydrogels. [21] [22] [23] [24] The solutions were manually mixed, pipetted into 8 mm × 2 mm autoclaved Teflon molds on a heat block, and allowed to crosslink at 37°C in an incubator for 2.5 h before in vitro culture. The formulations selected for in vitro investigation are listed in Table 1 . The hydrogels and their acellular controls were placed in 2.5 mL medium in 12-well tissue culture plates and cultured for 0, 7, 14, 21, and 28 days in COM containing 10 −8 M dexamethasone. At each timepoint, the hydrogels were soaked in PBS for 30 min, sliced in half, weighed, and processed for Live/Dead confocal imaging (n = 2 halves); DNA Picogreen assay, alkaline phosphatase (ALP) activity, and calcium biochemical assay (n = 4 halves each); and histological staining (n = 2 halves).
Live/Dead Confocal Microscopy
The samples designated for Live/Dead confocal microscopy were cut into ~0.5 mm cross sectional slices with a hand-held razor blade as previously described [18] and incubated for 30 min with calcein AM (2 µM) and ethidium homodimer-1 (4 µM) in accordance with the Live/Dead viability/cytotoxicity kit instructions. The slices were then analyzed using a confocal microscope (LSM 510 META, Carl Zeiss, Germany) using a 10× objective. Argon and helium-neon lasers were used for excitation at 488 and 543 nm, respectively, and emission filters at 505-526 and 612-644 nm, respectively, were employed.
Biochemical Assays
Hydrogel halves for biochemical assays were stored in 500 µL of ultrapure water and stored at −20°C. Prior to analysis, samples were manually homogenized, passed through three freeze-thaw cycles, and probe sonicated for 8 s. Detailed protocols for biochemical assays are described elsewhere. [25] Double-stranded DNA correlating with cellularity was evaluated using DNA Picogreen assay (Invitrogen, Eugene, OR) in accordance to the manufacturer's protocol, adjusted for background with acellular hydrogel controls, and normalized to hydrogel wet mass, which was shown to reach equilibrium swelling after 24 hours. [6] ALP activity was assessed with colorimetric assay using phosphatase substrate capsules in alkaline buffer solution against p-nitrophenol standards. For calcium assay, sample aliquots were digested overnight in equal parts 1N acetic acid to form a final 0.5N acetic acid solution and then evaluated according to the manufacturer's instructions.
Histology
Hydrogels (n = 2 halves) were processed at each timepoint for hematoxylin & eosin (H&E) and von Kossa histological staining as previously described. [18, 26] Hydrogels were fixed at 37 °C for 24 h in 10% buffered formalin, dehydrated for 24h in 70% ethanol, and stored in Histo-prep for another 24 h prior to freezing at −20 °C and cryosectioning into 10 µm slices. H&E staining was performed using Mayer hematoxylin counterstained with eosin-Y (Sigma). Von Kossa staining was performed using a 2% silver nitrate solution incubated under UV for 20 min and unreacted silver nitrate was removed using 5% sodium thiosulfate. Sections were imaged with a light microscope (Eclipse E600, Nikon) and the background subtraction to correct for background lighting and dark current effects was performed.
Statistics
The data are presented as means ± standard deviation in triplicate, unless otherwise stated. Biochemical assays were analyzed using a Tukey's post-hoc test with JMP v.11 statistics software (SAS Institute, Cary, NC).
Results
Live/Dead Confocal Microscopy
Undifferentiated and predifferentiated MSCs were successfully encapsulated at high and low seeding densities within injectable, dual-gelling composite hydrogels. Live/Dead confocal microscopy images of the samples are shown in Figure 2a . The cells were shown to be rounded, viable at encapsulation, and homogenously distributed within the hydrogels. The composite hydrogels sustained cell survival over the period of 28 days, as seen with the green fluorescent staining. Little red staining was observed due to interfering autofluorescence from the degrading composite gel, a phenomenon which has been observed in hydrogels of similar composition. [18, 27] More viable cells were qualitatively observed at the last timepoint with a high seeding density.
Biochemical Assays
The DNA content of the hydrogels corresponding to cellularity is shown in Figure 2b . For the low seeding density groups, DNA content was maintained over time, with a significant decrease observed only at the 28d timepoint for the 6 million undifferentiated group. The discrepancy in the initial DNA content of the low seeding density groups is mostly likely due to variability in encapsulation and sampling following harvest. This trend was observed with the 15 million undifferentiated group, despite significant Live/Dead staining via confocal. However, the group with the high cell density and predifferentiation demonstrated the highest DNA content compared to all the other groups at all timepoints.
The production of ALP, an early osteogenic marker, was assessed using a p-nitrophenol assay, the results of which are shown in Figure 3 . For all groups, ALP activity significantly declines from the 0 day timepoint and remains sustained for the remaining timepoints. A high cell seeding density helps maintain an elevated ALP activity initially, as seen in the 7 day timepoint. Also, predifferentiation improves the level of ALP activity at the 0 day timepoint in the group with low seeding density significantly over the corresponding undifferentiated group. However, the ALP levels at the later timepoints are not significantly different from the other groups. Figure 4 shows the calcium content of the hydrogels corresponding to mineralization. All groups, including the acellular control, demonstrate increases in the calcium content over time, with the cell-laden hydrogels showing significantly higher calcium content at the 28 day timepoint compared to the control. While there were no significant differences in the calcium content of the cell-laden hydrogels with the same seeding density at the 28 day timepoint, groups with high cell seeding density with or without predifferentiation saw enhanced mineralization at earlier timepoints. Predifferentiation at the low seeding density also enhanced mineralization at the earlier timepoint.
Histology
The hydrogels were stained for mineralization using a von Kossa reagent, as shown in Figure 5 . Histological staining at 28 days shows mineralization primarily around the GMPs and the pericellular matrix around the cells, as seen in the black-brown stain. Hydrogels with predifferentiated cells at a high seeding density demonstrated staining in the hydrogel matrix as well.
Discussion
Cell encapsulation density and predifferentiation have both been shown in the literature to affect the chondrogenesis and osteogenesis of cells, and thus, the therapeutic efficacy, of tissue engineered constructs for bone and cartilage regeneration. Using an injectable, dualgelling hydrogel system shown to previously support osteogenic differentiation in vitro and promote bone formation and tissue infiltration in vivo [7] , we examined the role of the aforementioned cell parameters on encapsulated cell viability and osteogenic differentiation, and hydrogel mineralization. Encapsulation density and predifferentiation independently did not show significant sustained effects as determined by confocal microscopy, histological staining, and biochemical assays. Encapsulation density was found to promote early ALP activity as well as mineralization, but those effects were short-lived if the cells were undifferentiated and did not affect DNA content, despite the greater Live/Dead staining via confocal in the later timepoints. Studies have suggested that successful extraction and potential degradation of the DNA, as well as cell number, may have limited the accurate quantitative assessment of cell viability within 3D scaffolds. [28] Cellular predifferentiation was also found to influence early ALP activity and mineralization for the low seeding density hydrogels, but could not compensate for the lower amount of cells. The decline of ALP activity over time can possibly be explained by the need for cellular attachment to substrates during differentiation, which is disrupted during the encapsulation process. [29] However, hydrogels with high seeding density of predifferentiated cells, showed combined effects that led to higher levels of sustained cell viability and initial ALP activity compared to the other groups. Overall, the encapsulation of cells within the hydrogel system was found to benefit mineralization at the later timepoints compared to the acellular controls -which showed reduced levels at 28 days -correlating with previous studies. [5] It is possible that the swelling experienced by acellular hydrogels with higher polymer content leads to increased diffusion that enables GMP degradation and loss of the accumulated mineral that is not experienced in a cellular system. [4] However, the amount of calcium per cell was not promoted by either predifferentiation or higher seeding density, suggesting that similar levels of mineralization can be achieved with less cellular manipulation.
The effect of cell seeding density has been widely investigated for both bone and cartilage tissue engineering, but the results have been mixed. Previous works report that MSC gene expression increases significantly with cell seeding density from 1 to 10 million cells/mL [21, 23, 24, 30] and plateaus around 25 million cells/mL. [31] However, some studies have shown that cell seeding densities up to 60 million cells/mL provide superior differentiation, mechanical strength, and ECM production in vitro, and tissue formation in vivo [24, 32, 33] , while others determined that seeding density provided little functional benefit. [34, 35] In this study, cell encapsulation density did not demonstrate significant long term effects on osteogenic differentiation, which can be explained through several reasons. Although the published results vary, there is consensus that MSC paracrine signaling and direct crosstalk are important, thus controlling mass transport and scaffold architecture are vital to facilitating these interactions. Additionally, the literature suggests that there is an optimal cell encapsulation density to achieve the best tissue engineered construct. [36] It is possible that the seeding densities used in this study and degradation of the GMPs, which were designed to degrade within 2-4 weeks within collagenase-containing PBS [37] , were not sufficient to encourage cellular interaction and generate a porous hydrogel structure, respectively. By examining a larger range of seeding densities, accelerating GMP degradation, or modifying hydrogel itself for more directed enzymatic degradation [32, 38] or cellular attachment [39, 40] , the osteogenic potential of the system could be improved.
In addition to cellular interaction, the physical properties of a scaffold should be equally considered in combination with cell density to affect specific cellular behavior. Enhanced osteogenic behavior of MSCs has been observed with a previous generation of dual thermogelling and chemically crosslinking hydrogels with high hydrophobicity. Despite a low seeding density of 6×10 6 cells/mL hydrogel and altered loading ratios and sizes of GMPs, hydrogel mineralization significantly increased over time in vitro [4] , peaking at much higher levels than in the present study and correlating with the higher levels bone formation for the acellular hydrophobic hydrogels in vivo. [7] However, when examining the present hydrogel system in a rat cranial defect, incorporation of GMPs with or without undifferentiated MSCs at high seeding density was sufficient to promote bony bridging and implant integration over the previous generation hydrogel. [5] Thus, rational design of the scaffold and cellular components of a tissue engineered construct must consider the differences in performances between in vitro and in vivo.
Cellular preconditioning down a specific lineage has had more consistent results in promoting tissue regeneration, especially for cartilage. Numerous studies have shown that chondrogenically differentiated MSCs and adipose-derived stem cells can promote cartilage gene expression and matrix production in vitro [41] , and regenerate osteochondral defects in rabbit and ovine models. [10, 42] When examined for bone, predifferentiated MSCs have shown to significantly improve osteogenic gene expression in vitro and bone formation in vivo. [11, 12] However, in this study, predifferentiation only presented a strong effect with the high seeding density, which again suggests that there may be some optimization required for both cellular parameters to enhance regeneration. The MSCs were precultured in COM with dexamethasone, a potent synthetic glucocorticoid that has been shown to strongly influence osteogenesis of MSCs in vitro. [13, 20] The differentiation period chosen was 3 days, which was determined from studies showing the peak of stimulatory factors in inflammation, chondrogenesis, and osteogenesis. [19, 43] However, this peak of activity was not observed with differences in the ALP results between undifferentiated and predifferentiated MSCs at the 0d timepoint, which suggests that more investigation is needed to understand the differentiation kinetics of MSCs towards osteogenesis. Lam et al. reported on the optimized preconditioning period of rabbit MSCs for cartilage and showed that shorter or longer durations than 7 days led to worse repair. [41] Additionally, as cellular interaction with biomaterials is dependent on the state of differentiation, the incorporation of predifferentiated cells may require additional modifications in the hydrogel design. [29] 
Conclusion
This work evaluated the effect of cell encapsulation density and predifferentiation on the in vitro osteogenic potential of injectable, dual-gelling cell-laden hydrogels. Rat MSCs were successfully encapsulated and homogenously distributed within hydrogel composites without detriment to cell viability. All groups demonstrated sustained cell viability over 28 days, with the predifferentiated cells at the highest seeding density group maintaining the highest cellularity at all timepoints. ALP activity was shown to decline over time, culminating at levels that were not significantly different from the other groups. Hydrogel mineralization increased significantly over time with only seeding density affecting the final calcium content. Although there were indications that both encapsulation density and predifferentiation state were influential to in vitro osteogenesis of MSCs and osteoconductivity of biomaterials, further investigation is needed to examine these cellular parameters at longer timepoints and with additional levels for bone tissue engineering. These injectable, dual-gelling hydrogels provide a promising platform by which to deliver and evaluate stem cell therapies for bone regeneration. von Kossa staining of hydrogel composites with high or low seeding density (6 or 15 million cells/mL hydrogel, respectively) of undifferentiated or predifferentiated MSCs compared to an acellular control at 28 days. Black-brown stains correspond to phosphate deposits. Scale bar indicates 100 µm. 
